1. Re-examination of data for the chemical analysis of peptide-bound amino acids in the mesenteric venous blood of anaesthetized guineapigs suggests that there are small, but significant, amounts of small peptides in the blood of fasted animals.
Introduction
Current theories of protein digestion and absorption, while acknowledging the importance of intestinal mucosal uptake of peptides, incorporate the view that absorbed peptides (with only a few special exceptions) are entirely hydrolysed before passage into the bloodstream [l-31. Thus free amino acids are widely presumed to be the only products of protein digestion which enter the Key words: absorption, intestinal absorption, intestinal transport, peptide transport, small intestine.
Correspondence: Dr M. L. G. Gardner, Department of Biochemistry, The University of Edinburgh Medical School, Hugh Robson Building, George Square, Edinburgh EH8 9XD, Scotland, U.K. circulation in significant amounts. As Fisher stressed [4-61, the evidence for this is poor; this is still true, although experiments in vitro and in vivo have raised the possibility that significant amounts of small peptides escape hydrolysis and cross the intestine in intact form during assimilation of at least some proteins [7-111. This possibility requires critical evaluation, especially since it is now recognized that many small peptides are biologically active; hence, it is plausible that peptides of dietary origin might exert systemic biological effects [121. Lindblad et al. [ 131 have devised a method for investigation of whether chemically measurable amounts of peptide entered the mesenteric blood of anaesthetized guinea-pigs during intraduodenal instillation of an enzymic partial digest of casein. Amino acids were determined by automated ion-exchange chromatographic analysis and peptides by the increase in amino acid content after total hydrolysis with hydrochloric acid of completely deproteinized plasma or whole blood. The preliminary conclusion was that the mesenteric blood did not contain measurable amounts of peptide (except for endogenous glutathione) and that there was no evidence for intact peptides being added to the blood during absorption of the casein digest [131. The study of Lindblad et al. [131 was designed primarily to validate a new experimental method and to examine whether entry of peptides into the blood, including the erythrocytes, was of largescale significance. Their preliminary negative finding was based on the fact that the content of individual amino acids in conjugated form in plasma or whole blood did not increase sign& cantly, as judged by separate t-tests for each individual amino acid; inter-animal variance was ignored. However, inspection of their data shows that in fact a positive increase, albeit small in most cases, was observed for 10 out of the 11 'relevant' amino acids (see below) in whole blood: this strongly suggests the presence of conjugated amino acids, presumably peptide-bound, in the blood. Therefore we have now re-examined the original experimental data and subjected them to fuller and more appropriate statistical analysis in order to assess whether they give any evidence as to the presence or absence of peptides in the mesenteric blood and, in particular, as to whether there is any change in the apparent peptide content of the blood during absorption of the casein digest.
An abstract of a preliminary communication to the European Intestinal Transport Group has already reported part of this work [ 
141.

Methods
No animal experiments have been performed additional to those described by Lindblad et al. [131. The experimental procedure used by Lmdblad et al. 1131 was essentially similar to that used by Sleisenger et af. [ I l l , except that the analytical method included more thorough deproteinization. Briefly, blood (1 -0 ml) was withdrawn from the mesenteric vein of an anaesthetized guinea-pig; the duodenum was cannulated and 0.159 g of a partial enzymic digest of casein dissolved in 10 ml of water and made iso-osmotic with NaCl was infused over 30 min, after which time a second sample (1 ml) of mesenteric venous blood was taken. Portions of whole blood haemolysate and of plasma (plus norleucine as internal standard) were then processed separately for amino acid analysis. After treatment with sulphosalicylic acid, samples were deproteinized further by gel filtration on a 9 ml column of Sephadex G-25 eluted with acetic acid (0.01 mol/l) (see [131 for details) . Part of the eluted sample was then hydrolysed with hydrochloric acid (6 mol/l) in uacuo at 1 10°C for 48 h.
The hydrolysates, and the corresponding unhydrolysed material, were then analysed on a Kontron amino acid analyser with lithium buffer elution. Peptide N was estimated from the increase in free amino acid on acid hydrolysis.
The data have now been further analysed by Student's t-test, analysis of variance and by two non-parametric tests, namely the Wilcoxon test for pair differences [15] and the Sign test [16, 171. Data only for the 'relevant' amino acids have been considered, i.e. those amino acids known to occur commonly in proteins, but excluding glutamic acid and aspartic acid (since their amides as well as peptides will give rise to an increase of free amino acids on acid hydrolysis), and glycine and cystine, since these are constituents of glutathione. Tryptophan was also excluded from consideration because of its massive destruction on acid hydrolysis. Thus the following 13 amino acids have been considered: threonine, serine, proline, alanine, valine, methionine, isoleucine, leucine, tyrosine, phenylalanine, histidine, lysine and arginine. It must be stressed that these, and the exclusions stated above, were selected on analytical grounds before statistical analysis of the data was started and not subsequent to preliminary evaluation of the results.
Results and Discussion
Fig . 1 shows the changes observed in the amino acid content after acid hydrolysis of the deproteinized mesenteric plasma and whole blood during absorption of the casein digest, i.e. at 30 min after the start of infusion of the digest. Clearly, on acid hydrolysis of deproteinized whole blood there is an increase in the amounts of most amino acids: there is an increase for 11 out of the 13 amino acids analysed, i.e. all except threonine and tyrosine, which tend to be labile to acid hydrolysis [9, 181 ; see filled-in bars on Fig. 1. This increase is significantly greater than would be observed by chance if conjugated amino acids were absent (P < 0.05, Sign test).
The absolute values of the differences observed after hydrolysis (i.e. the estimate of the total peptide content) were significantly greater than zero (P < 0.02, Wilcoxon test for pair differences). Likewise, the independent analyses on deproteinized mesenteric plasma (open bars, Fig.  1 ) also show an increase for 11 out of the 13 amino acids on hydrolysis, i.e. all except threonine and serine. This, too, is significant (P < 0.05, Sign test; P < 0.05, Wilcoxon test). The overall amino acid concentration in whole blood increases on hydrolysis by 10.8% from 4080 to 4520 pmol/l (Table 1) ; that in plasma increases by 5.3% from 7084 to 7461 pmol/l. Hence these data strongly suggest that conjugated amino acids, probably peptide-bound, are present in the mesenteric venous blood during absorption of the protein digest. Fig. 2 shows the corresponding data for the deproteinized mesenteric whole blood and plasma before the duodenal infusion of the casein digest. The interpretation of these data is less clear: eight out of 13 amino acids in plasma (open bars) and 10 out of 13 in whole blood (filled-in bars) increase on hydrolysis. These increases are not significant by the Sign test or by Wilcoxon's test. peptide-bound in the fasted animals; see Tabl k. 1. Nevertheless, hydrolysis does cause an increase The overall apparent peptide content of the in the overall amino acid content, which would be plasma i136.7 f 19-9 (SEM) pmol/l, n = 41 is consistent with about 7% of the non-protein significantly greater than zero (P < 0.01, t-test), amino N in plasma and about 2% of the although the corresponding value for the bound non-protein amino N in whole blood being amino acid content of whole blood (46.2 f 60.2 -80 1
FIG. 2. Percentage change in the 'concentration of each amino acid in deproteinized mesenteric
venous plasma (open bars) and whole blood (filled-in bars) on total acid hydrolysis. Samples were taken from fasted guinea-pigs at time 0, i.e. before infusion of the casein digest. Values are the means of measurements on four animals (plasma) or eight animals (whole blood).
pmol/l, n = 8) is not significantly different from zero. Thus the overall bound amino acid content of whole blood and of plasma appears to increase from 46 to 440 pmol/l and from 137 to 377 pmol/l respectively during infusion of the casein digest. Fig. 3 shows the changes for the bound form of each individual amino acid. Although the variability is high, the trend clearly is for an increase in the bound form of most amino acids. This impression is confirmed by an analysis of variance which shows that the increase is significant for whole blood (P < 0.01; F = 7.82; n, = 1; n2 = 187), but not quite significant for plasma, for which data from only four animals were available (P N 0.065; F = 3-51; n, = 1; nz = 87). Likewise, the Wilcoxon test indicated that the increase in apparent peptide content during infusion of the protein digest was significant for whole blood (P < 0.02), but not significant for plasma (P > 0.05).
As shown in Table 1 , bound amino acids appear to account for 4.4% or 15.1% of the total increase in the amino N content of plasma or whole blood respectively during absorption of the casein digest. However, it must be stressed that inter-animal variability is high, and it is not possible to obtain realistic estimates of the precision of these values, which must therefore be regarded as tentative. These data suggest that the erythrocytes may be responsible for carriage of more peptide than the plasma. However, this cannot be concluded with confidence, nor is there any evidence as to whether peptides are carried within the cells or are bound to the cell's exterior.
The difficulties in obtaining valid estimates of peptide N by the 'difference method' are considerable other amino acids, and it is to be noted that better analytical recoveries are observed for leucine isomers than for many other amino acids after
unpublished work). Therefore, in order to assess the possible effects of such losses during hydrolysis on the conclusions now discussed, we have repeated the calculations with approximate corrections. Correction factors were obtained from analytical recovery experiments by M. L. G.
Gardner 8c S. J. E. Heron (unpublished work), in which portions of an amino acid standard solution were added to portions of deproteinized human plasma or whole blood and hydrolysed for 48 h at 1 10°C in vactto, i.e. under conditions similar to those used in the study by Lindblad et al. [ 131. Fig. 4 and Table 2 show the results, and it is clear that the pattern of results is qualitatively closely similar to that obtained without the application of correction factors and already shown in Fig. 3 and Table 1 . Use of the correction factors for losses during hydrolysis, however, suggests that approximately 1 1-14% and 2631% of the non-protein amino N in plasma and whole blood respectively could be peptide-bound; 9-34% of the amino N entering the bloodstream during absorption of the casein digest could be in the form of small peptides. We do not claim that these estimates are necessarily more reliable than those in Table 1 , which were obtained without any correction for losses during hydrolysis; however, they serve to illustrate the Accurate analysis of peptides by the 'difference method' depends crucially on complete deproteinization. It is not possible to achieve this by chemical means alone, and an important feature of the present work is the inclusion of a second step of deproteinization by gel-filtration on Sephadex G-25. Control experiments on the separation of added albumin from a protein hydrolysate indicated that this dual process was effective [131. Nevertheless, it is probably not possible to provide formal proof that deproteinization was absolute. Even if traces of protein did contribute to the bound amino N estimated in this work and presumed to be peptides, they would presumably be presented in both the preand post-infusion samples; hence, the finding of an increase in the amount of bound amino N during the infusion would still be valid.
Ideally, one would wish to be assured that control animals receiving an intraduodenal infusion from which the casein digest had been omitted did not show an increase in the peptide N content of mesenteric venous plasma or whole blood over the 30 min experimental period. Although the original study did include some such controls [ 131, insufficient experiments were performed to make their further statistical analysis meaningful.
Furthermore, it cannot be concluded with certainty that the increased amounts of bound amino N found in the mesenteric blood do originate directly from the protein digest in the intestinal lumen rather than from peripheral tissues. Nevertheless, in the light of the previous observations on absorption in vitro 17-10, 121 and of the amounts of bound amino N involved, the simplest explanation is that the bound amino N in the mesenteric blood does derive from the instilled protein digest.
Finally, although these experiments strongly suggest that peptide N enters the circulation during protein absorption, it must be stressed that they do not give any evidence whether these peptides have arisen through the degradative or through the synthetic activities of the intestinal mucosa; it is possible that they simply reflect the presence of relatively indigestible peptides in the intestinal lumen (see, e.g. [ 121) . It should also be noted that the possible loss of larger peptides or of protein-bound amino acids during the two deproteinization steps has not been considered in this work, and that these results obtained during absorption of a casein digest do not necessarily apply to absorption of other proteins.
